An important objective of laboratory management is to adjust the laboratory's capability to the needs of patients' care as well as economy. The consequences of management may be changes in laboratory organization, equipment, or personnel planning. At present only one's individual experience can be used for making such decisions. We have investigated whether the techniques of operations research could be transferred to a clinical laboratory and whether an adequate simulation model of the laboratory could be realized. First we listed and documented the system design and the process flow for each single laboratory request. These input data were linked by the simulation model (programming language SIMSCRIPT 11.5).The output data (turnaround times, utilization rates, and analysis of queue length) were validated by comparison with the current performance data obtained by tracking specimen flow. Congruence of the data was excellent (within ± 4%). In planning experiments we could study the consequences of changes in order entry, staffing, and equipment on turnaround times, utilization, and queue lengths. We conclude that simulation can be a valuable tool for better management decisions. Here we report our findings on the use of techniques of operations research to simulate the work flow in a complex clinical laboratory. 
An important objective of laboratory management is to adjust the laboratory's capability to the needs of patients' care as well as economy. The consequences of management may be changes in laboratory organization, equipment, or personnel planning. At present only one's individual experience can be used for making such decisions. We have investigated whether the techniques of operations research could be transferred to a clinical laboratory and whether an adequate simulation model of the laboratory could be realized. First we listed and documented the system design and the process flow for each single laboratory request. These input data were linked by the simulation model (programming language SIMSCRIPT 11.5).The output data (turnaround times, utilization rates, and analysis of queue length) were validated by comparison with the current performance data obtained by tracking specimen flow. Congruence of the data was excellent (within ± 4%). In planning experiments we could study the consequences of changes in order entry, staffing, and equipment on turnaround times, utilization, and queue lengths. We conclude that simulation can be a valuable tool for better management decisions. Here we report our findings on the use of techniques of operations research to simulate the work flow in a complex clinical laboratory. The duration of instrument operations was measured with a stopwatch or taken from the manufacturer's operation manuals, when fixed instrument cycles were used. Table 1 shows an example of the timing of specimen flowthrough in one laboratory section (hematology). Staff. Instruments, working areas, and working hours were assigned to each technical assistant.
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Materials and Methods
Data Collection and Definitions
I
The instruments assigned to a person were listed in order of priority given by the working rules.
One workday was defined by the start and end of work (see above). As many as three breaks can be considered.
Besides direct "hands-on" time at each instrument, analysts spend time at several other tasks, e.g., recording and transmitting test results, analyzing controls and any repeat tests, performing administrative work, making telephone calls, and so on. The time needed for these tasks is reflected in the pre-and postinstrument times. Assay tubes. Each analysis was linked logically to a specimen container, i.e., the primary tube and one or more secondary tubes, and to an instrument or workstation.
Workload.
The specimen and the test request sheet belonging to it have to be numbered consecutively at the accessioning station. Test request sheets are registered For simulation modeling we used the event-scheduling approach. Law and Kelton (11) have defined "discrete-event simulation" as follows: "Discrete-event simulation concerns the modeling of a system as it evolves over time by a representation in which the state variables change only a countable number of points in time. These points in time are the ones at which an event occurs, where an event is defined to be an instantaneous occurrence which may change the state of a system."
Examples of events are the entry of an order at a working place; the start, interruption, or end of a working step; and completion of a result. In some cases, instruments or personnel may be occupied by some activities, so that queues build up. Times between events are not looked at.
The operation rules for one technical assistant working in the hematology laboratory are illustrated in the form of a decision tree (Fig. 5) . The guiding rule determines that highest priority is assigned to an outpatient waiting for withdrawal of blood. The next priority level is stat tests. If a stat test is ordered, the beginning of the process is scheduled in the following sequence: manual place of work -* slide stainer we equate these times. Turnaround times, separated as to stat or routine analyses, can be printed out in histograms for the entire system and also for defined working areas.
The percentage rate of personnel-and instrumentcapacity utilization
(the denominator is elapsed time), shown for each hour of the day.
3. An hourly queue-length analysis for each instrument. The queues might result for three reasons: prolonged pre-or postinstrumental phases, which reflect deficits in staffing, or prolonged analytical phase, when the instrument is the problem. the work flow in the order of single events on the basis of the real specimen-request flow (Table 3) . Event, 0857: The next event is the entry of a new order; however, the technical assistant is stifi occupied for another 8 mm. Thus the queue before the manual workstation is increased from three to four waiting specimens. Event, 0905: The technical assistant is now ready and unoccupied (0). Now the preceding control is asked for the next activity in the operation schedule (Fig. 5) that the technical assistant would ordinarily take up. Because the next (predefined) task is the preparation of a specimen waiting for entry into the manual workstation, 
Results and Discussion
Simulation output data of real situations.
We calculated the utilization of the staff working in each laboratory section for each hour of a working day. This allows for considerable diurnal variation, as shown, for example, in the accessioning workstation (Table 4) , which obviously reflects the periodicity of order entry.
Relative utilization of instrument capacity by time of day can be plotted as a histogram for each laboratory instrument.
For example, the hematology instrument "cell counter" had a maximum utilization of "32% between 0800 and 0900 on one simulated day (Fig. 6) . The average queue length of a selected workstation or instrument can be displayed for every hour of the day (Table 5 ). The number of specimen tubes can be shown as well as information about why the queue has developed. When the queues arise in the manual pre-and postanalytical phases, there is probably a lack of staff at this instrument, whereas queuing in the instrument's processing phase can be the result of inadequate instrument capacity. system will behave under extreme conditions than un--' der normal conditions. We describe this plausibility test in the next section, exemplified by modifying the proce- (e.g., between 0800 and 0900) and (b) an equal distribution over the routine working hours; the pattern for stat orders was the same as shown in Fig. 2 . We simulated the first case, easily predicting that such an extreme arrival of routine specimen would produce large queues in the accessioning section in the morning hours. The simulation model showed the expected behavior, i.e., 100% personnel utilization at the accessionung workstation and 100% instrument utilization at the centrifuges between 0900 and 1100, whereas in the late hours of afternoon the technologist would be idle (Table 4) . Long queues were built up (Table 5) This result may be surprising at first glance but is explainable by the priority rules for stat tests.
Validation of the Model
The personnel utilization in the hematology workstation would be also very high as a consequence of such a basic change in specimen arrival. times, and the simulation output was considered plausible by laboratory experts. As will be reported later, the simulation model has now also been run with data from two other laboratories, differing greatly in laboratory layout and workload, with similar good results.
